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We study the impact of steady, homogeneous, and external parallel electric and magnetic field
strength (eE ‖ eB), on the chiral symmetry breaking-restoration and confinement-deconfinement
phase transitions. We also sketch the phase diagram of quantum chromodynamics (QCD) at finite
temperature T and in the presence of background fields. Our unified formalism for this study is
based on the Schwinger-Dyson equations, symmetry preserving vector-vector contact interaction
model of quarks, and the proper time regularization scheme. At T = 0, in the purely magnetic
case (eE → 0), we observe the well known magnetic catalysis effect. On the other hand, in the
pure electric field background (eB → 0), the electric field tends to restore the chiral symmetry
and deconfinement above the pseudo-critical electric field eEχ,Cc . In the presence of both eE and
eB: we find the magnetic catalysis effect in the particular region where eB dominates over eE,
whereas, we observe the chiral inhibition (or electric chiral rotation) effect, when eE stand over eB.
At finite T , in the pure electric field case, the phenomenon of inverse electric catalysis appears to
exist in our model. On the other hand for pure magnetic field background, we notice the magnetic
catalysis effect in the mean-field approximation and inverse magnetic catalysis with eB-dependent
coupling. The combined effect of both eE and eB on the pseudo-critical Tχ,Cc yields the inverse
electromagnetic catalysis, with and without eB−dependent effective coupling of the model. Our
findings are satisfactory in agreement with already predicted results by lattice simulations and
other reliable effective models of QCD.
PACS numbers: 12.38.-t 12.38.Aw ,11.10.Wx, 25.75.Nq, 98.62.En, 11.30.Rd
I. INTRODUCTION
Dynamical chiral symmetry breaking and confine-
ment are the two fundamental properties of the non-
perturbative quantum chromodynamics (QCD). At zero
or low temperature T , the fundamental degrees of free-
doms of the hadronic matter are the low energy hadrons.
At high temperature T or density µ, the dynamical chi-
ral symmetry restored and deconfinement into another
phase of hadronic matter with quarks and gluons be-
comes the new degrees of freedom, known as quark-gluon
plasma (QGP). Such a phase transition expected to hap-
pens in the early universe after a few micro-second of
the big bang, and experimentally observed in heavy-ion
collisions at Large Hadron Collider (LHC) in CERN and
Relativistic Heavy Ion Collider (RHIC) at Brook Heaven
National Laboratory (BNL). Also, when the hadronic
matter is subjected to an external electromagnetic field
background, it yields a tremendous impact on phase tran-
sitions. It is well known that at T = 0, in pure magnetic
case, the strong magnetic field tends to strengthen the
formation of quark anti-quark condensate and the system
remains in chiral symmetry broken phase even at the high
magnetic field strength eB, this phenomenon is known
as the magnetic catalysis (MC) [1–8]. It was examined
in earlier studies that at finite T , the pseudo-critical
temperature Tχ,Cc , of the chiral symmetry restoration
and deconfinement increases with the increase of eB and
hence, the magnetic catalysis percieved too at finite T
[1, 2, 4, 9]. In the recent few years, the lattice QCD
simulation [10, 11] predicted that at finite T , the mag-
netic field suppresses the formation of quark-antiquark
condensate and tends to restore the chiral symmetry
near the pseudo-critical temperature Tχ,Cc . As a result,
the Tχ,Cc decrease with the increase of eB, such a phe-
nomenon is said to be the inverse magnetic catalysis
(IMC). This phenomenon is confirmed and supported by
effective models of low energy QCD [12–18] as well as in
holographic QCD models[19].
In pure electric case, and at T = 0, the situation is quite
different from that of pure magnetic field background.
The strong electric field opposes the formation of a quark-
antiquark condensate and thus tends to restore the chiral
symmetry, i.e., the electric field anti-screens the strong
interaction, such a phenomenon is known as the chiral
electric inhibition effect [1, 2, 4, 9, 20–22], or the chiral
electric rotation effect [23]. The nature of chiral phase
transitions is of second order in the chiral limit, while
cross-over when the bare quark mass is taken into ac-
count. At finite temperature, it is well understood that
the pseudo-critical temperature Tχ,Cc decreases with an
increase of electric field strength e ~E, this is known as
the inverse electric catatalysis (IEC) [22, 24]. The study
of the influence of the electric field on the chiral phase
transitions is equally important as well as the effect of
the magnetic field, in both theoretical and experimental
perspectives. Experimentally, in heavy-ion collisions, the
electric and magnetic fields generated having the same
order of magnitude (∼ 1018 to 1020Gauss) [25–28] in the
event-by-event collisions using Au + Au at RHIC-BNL,
and in a non-central heavy-ion collision of Pb + Pb in
ALICE-LHC. Moreover, some interesting anomalous ef-
fects, such as the chiral magnetic effect [29, 30], the chiral
electric separation effect [31, 32], the particle polariza-
ar
X
iv
:2
00
9.
09
48
2v
1 
 [h
ep
-p
h]
  2
0 S
ep
 20
20
2tion effect [33–35], e.t.c., which may arise due to the gen-
eration of vector and/or axial currents in the presence
strong electromagnetic fields, and needed to explore the-
oretically as well. In recent few years, a special case of
considering the electric field strength parallel to the mag-
netic field strength (eE ‖ eB), paid much more attention
to explore the above-mentioned phenomenon in the ef-
fective models of QCD [22, 23, 36, 37]. One of the ma-
jor reason is that the parallel electric and magnetic field
plays an important and prominent role in many heavy-
ion collision experiments [38, 39].
Keeping in view, the above facts and findings, our
motivation and aim are to understand the dynamical
chiral symmetry breaking-restoration and confinement-
deconfinement transitions, in the presence of strong
and uniform external electromagnetic field. Our uni-
fied framework based on the Schwinger-Dyson equations
(SDE) in the rainbow-ladder truncation, the symme-
try preserving confining vector-vector contact interac-
tion model (CI)[40], and the Schwinger proper time reg-
ularization scheme. In the present work, we use the
quark-antiquark condensate
〈
ψψ¯
〉
, an order parameters
for the chiral symmetry breaking-restoration and the
confinement length scale [17, 41] for the confinement-
deconfinement transitions. It is to be noted that the
chiral symmetry restoration and deconfinement occur si-
multaneously in this model [17, 42].
This article is organized as follows. In Sec. II, we present
the general formalism and the contact interaction model
at zero temperature and in the absence of background
fields. In Sec.III, We discuss the gap equation at zero
temperature, and in the presence of parallel electric and
magnetic fields in Sec.IV. We draw the phase diagram at
finite temperature and in the presence of parallel elec-
tric and magnetic fields in Sec. V. In the last Sec.VI, we
discuss the summary and perspectives.
II. GENERAL FORMALISM AND CONTACT
INTERACTION MODEL
We begin with the Schwinger-Dyson’s equations (SDE)
for dressed-quark propagator Sf , is given by:
S−1f (p) = iγ · p+mf
+
∫
d4k
(2pi)4
g2∆µν(p− k)λ
a
2
γµSf (k)
λa
2
Γν(p, k) . (1)
Here the subscript f represents the two light quark fla-
vors i.e., up (u) and down (d) quarks, g is the coupling
constant, and mf is the current quark mass, which may
set equal to zero in the chiral limit. The λa’s are the
usual Gell-Mann matrices, Γν is the dressed quark-gluon
vertex, ∆µν is the gluon propagator.
In the literature, it is well known that the properties
of low energy hadrons can be reproduced by assuming
that the interaction among the quarks, not via mass-less
vector boson exchange, but instead through a symme-
try preserving four-fermions vector-vector contact inter-
action (CI), with a finite gluon mass [40, 43–46]
g2∆µν(k) = δµν
4piαir
m2G
≡ δµναeff (2)
where αir = 0.93pi is the infrared enhanced interaction
strength parameter, mG = 800 MeV is the gluon mass
scale [47]. In the CI model, for a small value of αir
and a large value of gluon mass scale mG, there must
be a critical value of αeff , above this critical value the
chiral symmetry is broken and below this, there is less
chance for the generation of the dynamical mass. The
d-dimensional (arbitrary space-time dimensions) depen-
dence of this effective coupling and its critical value for
the chiral symmetry breaking, using an iterative method,
in the superstrong regime, has been studied in detail in
Ref. [48].
The CI model Eq. (2) along with the choice of ranibow
-ladder truncation Γν(p, k) = γν , form the kernel of the
quark SDE, Eq. (1), which bring the dressed-quark prop-
agator into a very simple form [49]:
S−1f (p) = iγ · p+Mf . (3)
It is because the wavefunction renormalization trivially
tends to unity in this case, and the quark mass function
Mf become momentum independent :
Mf = mf +
4αeff
3
∫ Λ d4k
(2pi)4
Tr[Sf (k)] . (4)
In this truncation, the quark-anitquark condensate is
given by
− 〈ψψ¯〉 = Nc ∫ Λ d4k
(2pi)4
Tr[Sf (k)] , (5)
with Nc = 3, are the number of colors. The form of
our gap equation Eq. (4), is very much similar to the
NJL model gap equation accept the coupling parameter
αeff =
9
2G [42].
Further simplification of Eq.(4) yields the following gap
equation.
Mf = mf +
16αeff
3
∫ Λ d4q
(2pi)4
Mf
k2 +M2f
, (6)
where Mf is the dynamical mass and the symbol
∫ Λ
stresses the need to regularize the integrals. Using d4k =
(1/2)k2dk2 sin2 θdθ sinφdφdψ, performing the trivial reg-
ular integration’s and using the variable s = k2, the
above expression reduces to:
Mf = mf +
αeffMf
8pi2
∫ ∞
0
ds
s
s+M2f
(7)
Obivously, the integral in Eq. (7) is not convergent, so
we need to regularize it through proper-time regulariza-
tion scheme [1, 2, 4, 50] . In this scheme, we take the
3exponentiation of the denominator of the integrand, by
introducing an additional infrared cutoff, beside the usual
ultraviolet cut-off, normally used in NJL model studies.
In this way, the confinement is implemented through an
infrared cut-off [51]. Upon adopting this scheme, the
quadratic and logarithmic divergences removes and the
axial-vector Ward-Takahashi identity [52, 53] is satisfied.
From Eq. (7), the denominator of the integrand is given
by
1
s+M2f
=
∫ ∞
0
dτe−τ(s+M
2
f ) →
∫ τ2ir
τ2uv
dτe−τ(s+M
2
f )
=
e−τ
2
uv(s+M
2
f ) − e−τ2ir(s+M2f )
s+M2f
. (8)
Here, τ−1uv = Λuv is ultra-violet regulator, which play
the dynamical role and set the scale for all dimensional
quantities. The τ−1ir = Λir stand for the infra-red regula-
tor, whose non zero value implements confinement by en-
suring the absence of quarks production thresholds [54].
Hence, τir is corresponds to the confinement scale [17].
From Eq. (8), it is now clear that the location of the
original pole is at s = −M2, which is canceled by the nu-
merator. In this way, we have removed the singularities,
and thus the propagator is free from real as well as the
complex pole, which is consistent with the definition of
confinement i.e., “an excitation described by a pole-less
propagator would never reach its mass-shell” [51].
After performing integration over ‘s’, the gap equation is
given by:
Mf = mf +
M3fαeff
8pi2
Γ(−1, τuvM2f , τirM2f ) , (9)
where
Γ(a, x1, x2) = Γ(a, x1)− Γ(a, x2) , (10)
with Γ(a, x) =
∫∞
x
tα−1e−tdt, is the incomplete Gamma
function. By using the parameters of Ref. [43], i.e.,
αeff(0) = 5.739 · 10−5 MeV−2, τir = (240 MeV)−1
and τuv = (905 MeV)
−1, with the bare quark masses
mf = 7 MeV, we get dynamical mass Mf = 367MeV ,
and condensate 〈u¯u〉1/3 = 〈d¯d〉1/3 = −243 MeV.
In the next section, we discuss the gap equation in the
presence external electromagnetic field at zero tempera-
ture.
III. GAP EQUATION AT T = 0 AND IN THE
BACKGROUND OF PARALLEL eE AND eB
In this section, we study the gap equation in the pres-
ence of a uniform and homogeneous electromagnetic field
with eE ‖ eB, at zero temperature. In QCD Lagrangian,
the interaction with parallel electromagnetic field Aextµ
embedded in the covariant derivative,
Dµ = ∂µ − iQfAextµ , (11)
with Qf = (qu = +2/3, qd = −1/3)e is refers
to the electric charges of u and d-quark respectively.
We use the symmetric gauge vector potential Aextµ =
(iEz, 0,−Bx, 0) in Euclidean space, with both electric
and magnetic field are chosen along the z-axis. The gap
equation in the presence of parallel electromagnetic field
continues to be of the form Eq. (4), where Sf (k) is now
dressed with parallel background fields, i.e., Sf (k) →
S˜f (k). The S˜f (k), in Schwinger proper time represen-
tation [1, 2, 4, 50], in the presence of parallel magnetic
field in Euclidean space [20, 23], can be written as:
S˜f (k) =
∫ ∞
0
dτe
−τ
(
M2f+(k
2
4+k
2
3)
tan(|QfE|τ)
|QfE|τ +(k
2
1+k
2
2)
tanh(|QfB|τ)
|qfB|τ
)
×
[
− γ4k4 +Mf + tan(|QfE|τ)
(
γ4k3 − γ3k4
)
−itanh(|QfBτ |)
(
γ1k2 − γ2k1
)]
×
[
1− itanh(|QfB|τ)tan(|QfE|τ)γ5
−itanh(|QfB|τ)γ1γ2 + tan(|QfE|τ)γ4γ3
]
, (12)
where the electric and magnetic field coupled to the mo-
mentum co-ordinates k4, k3 and k1, k2, respectively.
Now, taking the trace of Eq. (12), and introducing both
infrared and ultraviolet cut-offs, the gap equation Eq.( 4),
in the presence of constant parallel electromagnetic field
is given by
M˜f = mf +
16αeff
3
∑
f=u,d
∫ τ˜2ir
τ2uv
dτM˜fe
−τM˜2f
×
∫
d2ka
(2pi)2
d2kb
(2pi)2
e
−τ(k2a
tan(|QfE|τ)
|QfE|τ +k
2
b
tanh(|QfB|τ)
|QfB|τ ,(13)
with k2a = k
2
4+k
2
3 and k
2
b = k
2
1+k
2
2. The Lorentz structure
preserves in this case. The confining scale now is
τ˜ir = τir
Mf
M˜f
, (14)
where Mf is the the dynamical mass and M˜f is the elec-
tromagnetic field dependent dynamical mass. In the chi-
ral limit, τ˜ir → ∞ (or equivalently τ˜ir → 0 ), at the
chiral symmetry restoration region. In the presence of
finite current quark masses, it allows poles to be develop
in the propagator, which ensures the coincidence between
confinement and chiral symmetry transitions [17]. After
integration over k the gap equation Eq. (13), can be writ-
ten as
40.0 0.2 0.4 0.6 0.8 1.0
0.0
0.2
0.4
0.6
0.8
eB [GeV2]
M˜
f
eE=0.33GeV2eE=0.32GeV2eE=0.3 GeV
2eE=0.2 GeV2eE=0 GeV2
FIG. 1. Behavior of the dynamically generated quark mass
as a function of magnetic field strength eB with a bare quark
mass mf = 7 MeV for several given values of eE.
M˜f = mf +
αeff
3pi2
∑
f=u,d
∫ τ¯2ir
τ2uv
dτM˜fe
−τM˜2f
×
[ |QfE|
tan(|QfE|τ)
|QfB|
tanh(|QfB|τ)
]
. (15)
The gap equation for pure electric field can be obtained
by setting eB → 0, while for pure magnetic field, eE →
0. The quark-antiquark condensate in the presence of
background fields is of the form:
− 〈ψψ¯〉 = 3
4pi2
∑
f=u,d
∫ τ¯2ir
τ2uv
dτM˜fe
−τM˜2f
×
[ |QfE|
tan(|QfE|τ)
|QfB|
tanh(|QfB|τ)
]
, (16)
In this present work, we use two flavors f = 2, i.e.,
u- and d-quarks. We take the current quark masses
mu = md = 7 MeV, and hence the iso-spin symmetry
is preserved in this way. As we know that, the response
of electromagnetic field is different for u and d-quarks,
it is because of heaving different electric charges. In the
present scenario, we ignore the charge difference of u and
d-quarks and solve Eq. (15) and Eq. (16) for an average
common charge Qf = (|Qu|+ |Qd|)/2 [1, 4].
The numerical solution of the gap equation Eq. (15) with
finite current quark mass mf = 7 MeV, as a function of
eB for fixed values of eE, is plotted in the Fig. 1. In pure
magnetic case (eE → 0), the dynamical mass M˜f mono-
tonically increase with increase of eB, and thus, ensures
the phenomenon of magnetic catalysis. The increase in
M˜f as a function of eB reduces in magnitude upon vary-
ing eE, from its smaller to larger given values. We find
that at eE ≥ 0.33 GeV 2, The dynamical mass M˜f , show
the de Haas-van Alphen oscillatory type behavior[55]: it
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FIG. 2. Quark-antiquark condensate as a function of mag-
netic field strength eB for several values of eE.
remain constant for small eB, then monotonically de-
crease with the increase of eB, and suddenly jump down
to its lower values in the region eB = [0.3− 0.54] GeV2,
where the chiral symmetry partially restored via first or-
der phase transition, and above this region it increases
again. It may be due to the fact that there is a strong
competition occurs between parallel eB and eE, i.e., in
one hand eB enhances the mass function, while on the
other hand eE suppresses it. The same behavior is ex-
plores and argued in the effective model of QCD, see for
example in Ref. [23, 56].
The behavior of the quark-antiquark condensate σ =
− 〈ψψ¯〉, i.e., Eq. (16) as a function of eB, for various
given values of eE, is shown in the Fig. 2. For eE → 0,
the magnetic field strength facilitates the formation of
quark-antiquark condensate, and hence the system re-
mains in the enhanced dynamical chiral symmetry bro-
ken phase . The condensate σ behave in a similar fash-
ion as the dynamical mass M˜f : at a given values of
eE ≥ 0.33 GeV2, the evolution is suppressed in the region
eB = [0.3 − 0.54] GeV2, the chiral symmetry partially
restored, the nature of transition become first-order and
above that region, it is again broken and enhanced with
eB. The pseudo-critical values of the fields, at which
the chiral symmetry partially restored and first-order
phase transition occurred are at eBc = 0.3 GeV
2 and
eEc = 0.33 GeV
2. Such a values of electric or magnetic
fields strength is large enough in terms of what is usu-
ally generated during the heavy ion collisions, but may
relevant to the astronomical objects: like neuron stars,
magnetars, e.t.c. The confinement parameter τ˜−1ir as a
function of eB for different fixed values of eE, depicted
in the Fig. 3. It shows, the similar behavior as M˜f and σ.
We find the same pseudo-critical fields eBc = 0.3 GeV
2
and eEc = 0.33 GeV
2 for the confinement transition, as
we find in the case of chiral symmetry breaking.
In the following, we now discuss the variation of M˜f ,
σ and τ˜−1ir as a function of eE, in pure electric field as
well as for several non-zero values of eB. In Fig. 4, Fig. 5
50.0 0.2 0.4 0.6 0.8 1.0
0.0
0.1
0.2
0.3
0.4
0.5
eB [GeV2]
τ˜ ir-1
eE=0.33GeV2eE=0.32GeV2eE=0.3 GeV
2eE=0.2 GeV2eE=0 GeV2
FIG. 3. The confinement length scale τ˜−1ir as a function of
magnetic field strength eB for several values of eE.
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FIG. 4. The dynamical mass as a function of electric field
strength eE for several values of eB.
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FIG. 5. Quark-antiquark condensate σ as a function of
electric field strength eE for several values of eB.
and Fig. 6, we shows the behaviors of all the three pa-
rameters as a function of eE, for different fixed values of
eB ≥ 0. In the pure electric field limit (eB → 0), all
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FIG. 6. Confinement length scale τ˜−1ir as a function of electric
field strength eE for a given several values of eB.
the three parameters decrease monotonically with the in-
crease of eE and antisreening effect appears at a pseudo-
critical field strength eEχ,Cc , where the chiral symmetry
partially restore and deconfinement transitions occurs.
The nature of the transition here is a smooth cross-over.
We thus, observe the the chiral rotation effect or chiral
elecric inhibiion effect in the contact interaction model,
as already predicted by other effective models of QCD
[1, 2, 20–23]. For non-zero eB, we find an interesting
behaviors of all the three parameters as a function of
eE. All three parameters, enhances for a given smaller to
larger values of eB, except the region of chiral symmetry
restoration and deconfinement, where all the parameters
suppressed by the higher value of eB. The pseudo-critical
field strength Eχ,Cc decreases with the increase of eB, and
at some pseudo-critical eBc ≈ 0.3 GeV2, the transition
changes from cross-over to first order. The nontrivial
behaviors of all three parameters represents, the compe-
tition between magnetic catalysis effect and electric inhi-
bition effect, both induced by eB in the presence of par-
allel eE [23]. The magnitude of eEχ,Cc , at which the chi-
ral symmetry partially restore and deconfinement takes
place, is triggered from the inflection point of the electric
gradient ∂eEσ and ∂eE τ˜
−1
ir , as shown in the Fig. 7 and
Fig. 8, respectively. In pure electric case, the chiral sym-
metry restored and deconfinement transition occurs at
eEχ,Cc ≈ 0.348 GeV2. For several given values of eB 6= 0,
the eEχ,Cc decreases with the increase of eB, we find a
smooth cross-over phase transition till at the pseudo-
critical magnetic field strength eBc ≈ 0.3 GeV2 and
above this value, the transition become first-order. Now
eEχ,Cc remains constant in the region eB ≈ [0.3 − 0.54]
GeV2, and then increases with the larger values of eB
as shown in the Fig. 9, the same behavior is already
demonstrated in [23]. We call the boundary point, where
the cross-over phase transitions end and the first order
phase transition start, as a critical end point, whose co-
ordinates are at (eBp = 0.3, eEp = 0.33) GeV
2. In
the next section, we study the chiral symmetry breaking-
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FIG. 7. The electric gradient of the quark-antiquark con-
densate ∂eEσ, as a function of eE for fixed values of eB. At
particular fixed value of eBχc = 0.3 GeV
2, the electric gradi-
ent ∂eEσ diverges at eE
χ
c, ≈ 0.33 GeV2, and above the first
order phase transition occurs.
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FIG. 8. The electric gradient of the confinement length scale
∂eE τ˜
−1
ir as a function of eE, for different fixed value of eB. At
particular fixed value of eBCc = 0.3GeV
2, the electric gradient
of the confinement scale diverges at eECc, ≈ 0.33 GeV2.
restoration and confinement-deconfinement phase transi-
tion at finite temperature and in the presence of paral-
lel electromagnetic field background and at the end we
sketch the phase diagrams.
IV. QCD PHASE DIAGRAM IN THE
PRESENCE OF PARALLEL eE AND eB
In this section, we explain how the dynamical mass, the
condensate, and the confinement length scale, behave at
finite temperature and in the presence of parallel electric
and magnetic fields. We also explore the phenomenon of
inverse electric catalysis (IEC), magnetic catalysis (MC),
inverse magnetic catalysis (IMC), and the competition
among them.
● ● ● ● ● ● ■ ■ ■ ■ ■
■ ■ ■ ■ ■◆Cross-over
Critical end point
First-order
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FIG. 9. The phase diagram of chiral symmetry and confine-
ment for eEC,χc vs eB: The eE = eE
C,χ
c , is obtained from
the inflection points of the electric gradient of the condensate
∂eEσ and the confining length scale ∂eE τ˜
−1
ir .
The finite temperature version of the gap equation
Eq. (13) in the presence of parallel electric and magnetic
field can be obtained by adopting the standard conven-
tion for momentum integration∫
d4k
(2pi)4
→ T
∑
n
∫
d3k
(2pi)3
, (17)
and the four momentum k → (ωn,~k), with ωn = (2n +
1)piT are the fermionic Matsubara frequencies. The
Lorentz structure does not preserve anymore at finite
temperature. By making the following replacements in
Eq. (13),∫
d2ka
(2pi)2
d2kb
(2pi)2
→ T
∑
n
∫
d2k3
(2pi)
d2kb
(2pi)2
,
k2a → ω2n + k23 and k2b → k21 + k22, we have
M̂f = mf +
16Tαeff
3
∞∑
n=−∞
∑
f=u,d
∫ τ̂2ir
τ2uv
dτM̂fe
−τM̂2f
×
∫
d2k3
(2pi)
d2kb
(2pi)2
e
−τ((ω2n+k23)
tan(|QfE|τ)
|QfE|τ +k
2
b
tanh(|QfB|τ)
|QfB|τ ),(18)
with M̂f = Mf (eE, eB, T ). Performing sum over Mat-
subara frequencies and integrating over k′s, the gap equa-
tion can be written as
M̂f = mf +
αeff
3pi2
∑
f=u,d
∫ τ̂2ir
τ2uv
dτM˜fe
−τM̂2f
×Θ3
(
pi
2
, e
− |QfE|
4T2tan(|QfE|τ)
)
× |QfE|
tan(|QfE|τ)
|QfB|
tanh(|QfB|τ) , (19)
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FIG. 10. The dynamical mass as a function of temperature
for various given values of electric field strength eE.
where Θ3(
pi
2 , e
−x), is the third Jacobi’s theta function.
The quark-antiquark condensate is given by:
−〈̂ψψ¯〉 = 3
4pi2
∑
f=u,d
∫ τ¯2ir
τ2uv
dτM̂fe
−τM̂2f
×Θ3
(
pi
2
, e
− |QfE|
4T2tan(|QfE|τ)
)
× |QfE|
tan(|QfE|τ)
|QfB|
tanh(|QfB|τ) . (20)
The confinement length scale is now temperature, electric
and magnetic field dependent, is of the form:
τ̂ir = τir
Mf
M̂f
. (21)
First, we consider the case of pure electric field and at
finite temperature. The numerical solution of Eq. (19) as
a function of T , for different given values of eE, is shown
in the Fig. 10. The dynamical mass M̂f , monotonically
decreases with the increase of T until the dynamical chi-
ral symmetry partially restored. The response of eE is to
suppress the dynamical chiral symmetry breaking. The
quark-antiquark condensate Eq. (14), and the confine-
ment length scale Eq. (15), as a function of T for various
given values of eE, depicted in the Fig. 11 and Fig. 12,
respectively. We see that both the parameters decreases
with temperature and at some pseudo-critical tempera-
ture Tχ,Cc , the chiral symmetry partially restores, and
the deconfinement occurs. We note that the electric field
eE suppresses both the parameters not only in the low-
temperature region but also reduces the pseudo-critical
temperature Tχ,Cc . In Fig. 13 and Fig. 14, we shows
the thermal gradients of the condensate and the confine-
ment length scale respectively, the peaks in the thermal
gradients of both parameters shifting towards the lower
temperature values upon increasing the value of eE. As
a result, the critical temperature Tχ,Cc decreases with an
increase of electric field strength eE, and hence the in-
verse electric catalysis is found at finite temperature in
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FIG. 11. The quark-antiquark condensate σ̂ = −〈̂ψψ¯〉 as
a function of temperature for various given values of electric
field strength eE.
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FIG. 12. The behavior of confinement length scale τ̂−1ir
plotted as a function of temperature, for different given values
of electric field strength eE.
our contact interaction model, which is consistent with
the other effective models of QCD [22–24]. The mag-
nitude of the critical temperature Tχ,Cc ≈ 0.22, is ob-
tained from the inflection points of the thermal gradients
−∂T
〈̂
ψψ¯
〉
, and ∂T τ̂
−1
ir .
Second, we consider the case of pure magnetic field
strength where now eE → 0), and at finite temperature.
We plot the thermal gradient of the quark-aniquark con-
densate and the confinement length scale respectively, in
Fig. 15 and Fig. 16. We note that the inflection points in
both the parameters shifting towards the higher tempera-
tures, it means that magnetic field strength enhances the
pseudo-critical temperature Tχ,Cc , above which the chiral
symmetry partially restored and deconfinement. Thus,
in pure magneitic case and at finite temperature, we find
the phenomenon of magnetic catalysis, which has been al-
ready observed in the contact interaction model [17, 57].
In most effective model calculaions of QCD, it is well
demonstrated that in order to reproduce the inverse
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FIG. 13. The thermal gradient of the quark-antiquark con-
densate ∂T σ̂, plotted as a function of temperature for several
values of electric field eE. The peaks in the derivatives shifted
towards low temperature region, for small to large values of
electric field strength.
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FIG. 14. The thermal gradient of the confinement length
scale ∂T τ̂
−1
ir , plotted as a function of temperature for several
values of electric field eE.
magnetic catalysis effect as predicted by the lattice
QCD [10, 11], the effective coupling must be taken as
magnetic field dependent [12, 17, 22, 57] or both tempera-
ture and magnetic field dependent [14, 18, 57]. In present
scenario, we just use the following functional form of the
eB-dependent effective coupling αeff(eB) [17], where the
coupling decreases with the magnetic field strength as
αeff(κ) = αeff
(
1 + aκ2 + bκ3
1 + cκ2 + dκ4
)
, (22)
here κ = eB/Λ2QCD, with ΛQCD = 0.24 GeV. The pa-
rameters a, b, c, and d were extracted to reproduced the
behavior of critical temperature Tχ,Cc for the chiral sym-
metry restoration and deconfinement in the presence of
magnetic field strength, obtained by the lattice QCD sim-
ulations [10, 11]. The thermal gradients of the conden-
sate and the confinement length scale with magnetic field
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FIG. 15. The thermal gradient of the quark-antiquark con-
densate ∂T σ̂, plotted as a function of temperature for several
values of magnetic field strength eB. As it is clear from the
plots that peaks shifting toward higher critical temperatures.
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FIG. 16. The thermal gradient of the confinement length
scale ∂T τ̂
−1
ir , plotted as a function of temperature for several
values of magnetic field strength field eB.
dependent coupling Eq. (22)is plotted in the Fig. 17 and
Fig. 18, respectively. We see that he critical Tχ,Cc , de-
creases with the increase of eB and thus, we find the
inverse magnetic catalysis at finite T .
In the Fig. 19, We sketch the combined phase diagram
in the Tχ,Cc − eE, eB plane, where we show the inverse
electric catalysis, magnetic catalysis and inverse mag-
netic catalysis (with magnetic dependent coupling). In
the pure electric background, the solid-black curve repre-
sents that the critical temperature Tχ,Cc decreases with
the increase of eE, thus the electric field strength in-
hibits the chiral symmetry breaking and confinement. In
the pure magnetic limit (without magnetic field depen-
dent coupling), the magnetic field eB enhances the criti-
cal temperature Tχ,Cc , and thus eB act as a facilitator of
chiral symmetry breaking and confinement. If we use the
magnetic field dependent coupling, we see that the crit-
ical temperature Tχ,Cc suppresses as the magnetic field
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FIG. 17. The thermal gradients of the condensate with mag-
netic field dependent coupling Eq. (22), plotted as a function
of temperature, for several values of magnetic field strength.
It shows the IMC effect.
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FIG. 18. The behavior of the ∂T τ̂
−1
ir with magnetic field
dependent coupling Eq. (22), as a function of temperature for
several values of magnetic field strength eB.
strength eB increases (red dotted-dashed curve), now in
this case the eB act as an inhibitor of the chiral symme-
try and confinement.
Third, we take both the non-zero values of eE and eB
and draw the phase diagram in the Tχ,Cc − eE plane for
various given values of eB as shown in the Fig. 20. Here
now the competition between IEC vs MC start: the eB
tends to catalyze the chiral symmetry breaking and con-
finement and as a result Tχ,Cc enhances, on the other
hand eE try to inhibit the chiral phase transition yield
the suppression of Tχ,Cc , and finally, its ended up with
a combined inverse electromagnetic catalysis (IMEC). It
may be different for a very strong eB, where the eB dom-
inates over the eE. Next, we consider the eB-dependent
coupling Eq. (22), and sketch the phase diagram Tχ,Cc vs
eE for various given values of eB. We see that the ef-
fect of parallel eE and eB, with eB-dependent coupling
tends to lower and lower the Tχ,Cc . Thus, both eE and
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FIG. 19. The combined phase diagram in the Tχ,Cc vs eE, eB
of chiral symmetry breaking and confinement. The plot shows
the IEC, MC and IMC with eB-dependent coupling Eq. (22).
The Tχ,Cc s, are obtained from the inflection points in the ∂T σ̂
and ∂T τ̂
−1
ir .
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FIG. 20. The phase diagram in the Tχ,Cc –eE plane of chiral
symmetry breaking and confinement for various given values
of with eB. Here eE, inhibit the chiral phase transitions,
while on the other hand eB facilitates them and as a result
we notice the IEMC effect.
eB produces IEC, and IMC simultaneously and hence.
V. SUMMERY AND PERSPECTIVES
In this work, We have studied the influence of uniform,
homogeneous, and external parallel electric and magnetic
field strength on the chiral phase transitions. In this con-
text, we have implemented the Schwinger-Dyson formu-
lation of QCD, with a gap equation kernel consist of sym-
metry preserving vector-vector contact interaction model
of quarks in rainbow-ladder truncation. We then adopted
the well known Schwinger proper-time regularization pro-
cedure. The outcomes of our work are as follows
At zero temperature, in the pure magnetic background,
the magnetic field played the role of facilitator of the dy-
10
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FIG. 21. The phase diagram in the Tχ,Cc vs eE of chiral
symmetry breaking and confinement for various given values
of eE with eB-dependent couplingEq. (22). Here both fields
eE and eB inhibits the chiral phase transitions and hence we
noted the IEMC.
namical chiral symmetry breaking and confinement, and
hence, we observed the phenomenon of magnetic catal-
ysis. On the other hand, the electric field tends to re-
store the chiral symmetry and deconfinement above the
pseudo-critical electric field eEχ,Cc ≈ 0.34 GeV2, i.e., the
chiral rotation effect revealed in our model. We exam-
ined that the electric field acted as an inhibitor of the
chiral symmetry breaking and confinement. When both
eE and eB, turned on, we find the magnetic catalysis
effect for small given values of eE until above the criti-
cal electric field strength eEc ≈ 0.33 GeV2, all the order
parameters showed the de Haas-van Alphen oscillatory
type behavior in the region eB = [0.3, 0.54] GeV2. In
this particular region, eE dominated over eB, and we
noticed the electric chiral inhibition effect, while above
that region where eB was superior to eE, we observed
again the magnetic catalysis. We also realized that the
pseudo-critical strength eEχ,Cc suppressed with the in-
crease of eB, the nature of transitions examined to be of
smooth cross-over until above the pseudo-critical mag-
netic field strength eBχ,Cc = 0.3 GeV
2, the transition
suddenly changed to first order. We then located the
position of critical endpoint at (eBp = 0.3, eEp = 0.33)
GeV2. We further realized that eEχ,Cc remained constant
in the limited region eB = [0.3 − 0.54] GeV2, and then
increased with the larger values of eB.
In the end, we charted out the phase diagram at finite
temperature and in the presence of a parallel electric and
magnetic field. At finite T , in the pure electric limit, We
found that the pseudo-critical temperature decreases as
we increase the eE, and thus, we perceived the inverse
electric catalysis. On the other hand for pure magnetic
field background, we examined the magnetic catalysis ef-
fect in the mean-field approximation and inverse mag-
netic catalysis with eB-dependent coupling. The com-
bined effect of both eE and eB on the Tχ,Cc yielded
the inverse electromagnetic catalysis, with and without
eB−dependent effective coupling of the model.
Qualitatively as well as quantitatively, predictions of our
CI-model are in agreement with results obtained from
the other effective models of QCD and the modern Lat-
tice QCD results. In near future, we plan to extend this
work to study the Schwinger pair production rate, the
Dynamical chiral symmetry breaking for a higher num-
ber of colors, flavors, and in the parallel electromagnetic
field. Also, we are interested to study the properties of a
light hadron in the background fields.
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